rephasing refers to the increased intraluminal signal present on even-echo images relative to their odd-echo counterparts in a multiecho pulsing sequence [7] . For flow into a slice-selecting gradient field, rephasing occurs after each 360#{176} of rotation after the initial 90#{176} pulse (i.e., for all even echoes).
The MRI appearance of turbulence has been a matter of some debate in the literature. Mills et al. [8] state, "The effect of turbulence is to maintain a subpopulation of protons within the imaged plane and, thus, increase [italics added] the signal." On the other hand, Bradley and Waluch [9] have stated that the increased random motion associated with turbulence should lead to additional loss of coherence with subsequent decrease in signal intensity.
Our study was undertaken to evaluate the appearance of rapidly flowing blood. Both rapid laminar flow and turbulent flow were considered. The MRI appearance is correlated with theoretical predictions of turbulence as well as with demonstrated turbulence using dye-injection experiments.
"High velocity" and "turbulence" are not equivalent terms. Laminar flow can be were in the slice at the time of the initial 90#{176} pulse, each will have moved a distance v . TE/2 during the interpulse interval TE/2. Those protons moving a distance equal to one slice thickness \z or more will return no signal. The fraction of protons flowing out of the volume is therefore:
(v . TE/2)/ \z. The fraction of protons remaining within the volume is then:
Since the MR signal is proportional to the number of protons that remain within the slice, it should also be proportional to this ratio. In figure 5 , theoretical MR intensity is plotted as a function of velocity (for tubes less than 0.4 cm in diameter so that laminar flow is present even at the highest flow rates). Rephasing would then be expected within the laminar flow regime of the eddy.
The appearance of rapid blood flow on MRI was considered in light of the above theoretical considerations and examined using flow phantoms and dye-infusion experiments.
The potential application of these findings to clinical situations is considered. The return loop has a course of 3 m within the bore of the magnet, which assures essentially full magnetization of water even at the highest flow rates used. Images from incoming and return limbs were compared in all experiments to assess potential effects of partial magnetization at high velocity.
Materials and Methods

MRI
Steady flow was achieved using a large gravity-feed tank, the flow rate being adjusted by varying the relative elevations of the influx and efflux lines. Entrance conditions were adjusted to allow full development of laminar flow within the phantom at low velocities. The course of the tubing 2 m upstream from the entrance to the magnet was aligned with the tubing within the magnet. Laminar flow was verified using dye-infusion experiments similar to those described below.
Despite a gentle curvature over the 2-m return course, mild streaming was noted in the return loop (i.e. , perfect laminar flow conditions were not maintained).
The volumetric flow rate was determined using timed flow into a graduated cylinder. MRI was performed using the Tygon-tubing The appearance of flow in the vicinity of this obstruction was evaluated using dye-infusion experiments and MRI. The flow rate was set to about 50 mI/mm, corresponding to a bulk Reynolds number of 650. 
Results
Experimental results from the Tygon-tubing flow phantom are shown in figure 7. The intraluminal MR signal is displayed graphically for flow rates of 1 0-i 00 mI/mm in the first three slices encountered by the flowing water. Although the volumetric flow rate can be measured exactly, the linear velocity v at different radial positions across the diameter of the tube must be calculated.
The average velocity is easily determined from the relation: 0 = v x A, where A is the cross-sectional area of the tube. For laminar flow, the maximum velocity in the center of the tube is twice the average velocity.
Figure 7 demonstrates decreasing MR intensity on slices a greater distance into the imaging volume (i.e., further removed from the entry surface).
At higher flow rates, greater-intensity MR signal is observed on slices further into the imaging volume. Figure 8 carotid artery is seen to decrease for slices a greater distance into the imaging volume. A patient with a 6-cm infrarenal aortic aneurysm is shown in figure 12 . Increased signal intensity is noted on the second-echo image along the left lateral aspect of the patent lumen adjacent to the mural thrombus.
Discussion
The strong signal intensity noted at the entry surface of a multislice imaging volume during laminar flow ( fig. 7) represents flow-related enhancement [9] . This is due to unsaturated protons initially entering the imaging volume with full magnetization compared with the partially saturated protons in the adjacent fluid, which have not yet fully recovered from 1- fig. 1 4) . During laminar flow, the flow profile is parabolic; thus, slices deeper into the imaging volume will demonstrate decreasing crosssectional area of the intense central signal, which represents the unsaturated protons. At higher velocities, several competing effects determine the appearance of flowing fluid ( fig. 8 ). In the laminar flow regime (Re = 800), increased signal from the second echo is present due to even-echo rephasing [7] . As the flow rate is increased to 500 mI/mm and turbulence starts to appear (Re = 2000), signal is lost from the buffer zone between the core and the peripheral laminar sublayer. This is the zone of greatest random motion, which therefore causes the greatest loss of coherence and subsequent loss of spin-echo signal intensity.
Signal is maintained in the turbulent core, where the intensity of random motion is actually less than in the buffer zone [1 0]. On the second echo at this flow rate, signal is lost from the center due to high velocity.
Protons in the center of the tube that were within the selected slice for the period between the 90#{176} pulse and the first 1 80#{176} pulse (1 4 msec) have flowed out of the slice during the longer interval between 90#{176} pulse and the second 1 80#{176} pulse (42 msec). Increased signal is noted on the second-echo image in the buffer zone Downloaded from www.ajronline.org by Wake Forest Univ Health Sciences on 03/31/14 from IP address 152.11.5.70. Copyright ARRS. For personal use only; all rights reserved . Unsaturated (maximum) signal As the flow rate is increased to 750 mI/mm, the size of the hole on the second echo increases due to increased high-velocity signal loss at the higher flow rate. [9] may be present in this patient with a heart rate of 80 when using a 1 500-msec-TR pulsing sequence.
(Pseudogating results when the TA and the heart rate are in phase, so that a given slice in a multislice imaging sequence is acquired at a given point in the cardiac cycle.) Figure 1 
